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THE DIRECT DRIVING OF SYNCHRONOUS GENERATORS
BY LARGE SCALE WIND ELECTRICAL POWER GENERATING
PLANTS IN PARALLEL OPERATION WITH A SYNCHRONIZING NETWORK#*

Max Klosg *#

INTRODUCTION

When wind energy is exploited by wind generating stations
which then converts the energy 1lnto electrical power, there is
the difficulty associated with the rotation rate variation of
the propeller wheel and the rotation rate behavior of the
electrical generator. It is assumed that the rotation rate of
the propeller wheel is proportional to the wind velocity and that
the torque increases as the square cof the wind velocity. Genera-
tors supplying a network usually operate at a consftant rotation
rate so as to provide a constant voltage. Apparently these two
operational characteristics contradict each other. Condltions
are not so bad for direect voltage, because in this case it 1s
possible to equalize fluctuations in the rotation rate within
certain limits without any difficulty. This is done by changing
the excitation in a correspondling way. Within these limits, it
ig then possible to obtain practically the same voltage.
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In the case of three phase voltage, on the other hand,
not only must the voltage be held constant but also the fre-
quency. This must be done accurately and not approximately.
Thls leads to the conclusion that because of the basie differences
in the operational characteristics, 1t 1s not possible to directly
drive synchronous generators by wind generating systems.

Various solutions have been propcsed to overcome this contra-
dietion: first of all, asynchronous generators have been used
instead of synchroncus generators 1n order to eliminate the
requirement for a constant rotation rate. For example, such
installations have been built in Russia [1]. In a second solu-
tion, a transformer installation with a grid controlled alterna-
ting rectifier was switched in between the three phase generator
operating at a variable rotation rate and the net. This converter
unit transforms the fluctuating voltage brought about by the
change in rotation rate and the fluctuating fregquency to a con-
stant value required by the net. For example, this soclution was
selected by Kleinhenz 1n collaboration with the machineworks
Augsburg—Nﬁrnberg (MAN) and the firm Brown, Boveri and Cie (BBC),
Mannheim, for the design of a large scale wind generating plant.
Certalnly this 1s a technical solution. However, the transformer
installation contalins numerous transformers, rectiflers, switching
and control units which will increase the costs and reduce the
efficiency. Also 1t 1s much more complicated and requires more

maintenance.

It was Dr. Kade, Director of the firm BBC, who proposed
a second design for the same wind generating station. He recog-
nized that the discrepancy between the operational characterisg-
tics of the wind generating station and the operational
characteristics of the synchronous generator was nothing more
than personal bilas.



At the request of the "Wind Energy Réich@ group”,* we will
now make a more detailed analysis of the problem in the following.
First of all we will prove that 1t is actually possible to operate
a synchronous genérator with a wind propeller wheel at a constant
rotation rate. Then we will investigate the adjustment process
to a new equilibrium state which occurs when the wind velocity
changes. We wlll also discuss methods of controlling the power
output, in particular methods of maintaining the nominal power

level constant over a wide range of wind veloclty.

Of course we assume that the generator 1s to operate in
parallel with an avallable network supplied by synchronous
machines, which requires that the voltage and frequency remaln

congtant.

I. Eigen Oscillations of a Synchronous Generator Operating in
Parallel with a Fixed Network

The differential eguation of a damped oscillation of a
mass M around an equilibrium position (x = 0) is

e dE
where
pis deflection from the equilibrium position, in our case

measured arocund the circumference of the pole wheel

ax oscillation veloecity, 1.e., the slip of the pole wheel with
respect to its synchronous veloecity, where oversynchronous
conditions are referred to as positive slip so as to be able
to apply the sign convention in a consilstent way (in con-
trast to what is done when asynchronous machines are analyzed).

¥ The Relchs group "Wind Energy" (RAW) is an honorary group of
advisery specialists.



d?x

The first term —M is the inertia force of the mass M

dtd
d*:
which occurs for positive acceleration dﬁ and which opposes the
acceleration. The second term -1m§f ls the damping force which

is opposed to the slip and proportional to it (starting at the
damping unit located at the pole shoes), that 1is

Dk damping force for the osclllation velocity

dr
;Tt- = 1.

The third term —Sx 1s the so called "control force"
or the "synchronizing force™ which attempts to return the mass
M which has been deflected from the equilibrium position by the
amount x back to the equllibrium position, that is,

S control force for the deflection x = 1.

In order to apply this basic equation from mechanics to
our problem it is necessary to express the quantities Dk and S
by generator variables.

If we introduce the "damping moment™ Dm and if the
osclllation rate %%= k- is expressed by the synchronous angular

velocity nﬁ=%§ and the "slip" ﬂ=,:' (R radius of the pole

wheel), then we have

i Tl
Dkdnn!{“ (T) (2)

The expression n,ls can be represented by introducing the
slip v, , at which the damping moment Dm becomes equal to the
nominal torque Mdn of the generator, that is

« o ) (3)



(for any machine this is a fixed variable).

In this way we obtain

D=0 My,
FEware\ ) (2a)

In addition, the control force S for the deflection x =1
can be expressed in terms of the generator variables
p number of pole pairs
ky short circult ratio referred to full lcad excitation

M3 nominal torque

#  lead angle of the pole wheel, referred to the two pole
machine for nominal load

We then obtain the following for S

. PR, My cosd y
§= R2 cos ( )

The lead angle # and the short circult ratio:k, can be taken
from the well known circulation vector diagram shown in Figure 1.
This dlagram only shows the basic relationships and does not
indicate the well known Blondel decomposition of the armature
circulation into the transverse and longitudinal field. ItT
also does not consider the ohmic voltage drop nor the increase

in the pole scatter.

The followlng definitions apply in the figure. 1In the
figure we have:

¢ the useful flux through the armature winding
vector of machine voltage (90° lag with respect to @)
J current vector with a phase lag ¢ with respect to the
voltage



Figure 1. Simplified circulation of the synchronous generator
¢ advance angle of the pole wheel.

0P Op the resulting circulation required for exciting
the flux ¢ along the principle path, which
conslists of the two components OR and RP. We

have

CR Om circulation through the magnetic execitation
winding of the pole wheel,

RP L+ 4] g, armature flux (R = 040} recalculated

for uniform excitation circulation
parallel to the current vector, increased
by the excitation c¢irculation required for
driving the armature flux through the air
AP QP e Oy,

¢  lead angle of the pole wheel (for the two pole
machine) with respect to the zero load position
which has the direction ¢.



From the diagram we have obtained the following expression
for the short ecircuit ratio referred to full load excitation
conditlons

OR G

ky = —— == —-—-——(1 Tren

According to the laws of mechanics,the Eigen oscillation
periocd without any damping can be obtained from the mass and the
restoring force, as follows

M 2
7, =2x)/ T or =-—%f, (5)
M

that is with Equation (4)

MR cosy _, V I co3 ¢ (6)

Te=2n phyMg, cosd pky,Ma, cosp’

where I = MR2

masses referred to the pole wheel diameter. We obtain the

1s the polar moment of inertia of the flywheel

moment of inertia as follows from the "flywheel moment" GDZ2

If there is damping, the Eigen oscillation perilod (which

is also constant) becomes

Ta

21‘! . 2" = ]
Tea= Dg'fvzfvl_;gﬂ‘ Vi & (8)
‘ET“4M? MF¥r 4MS

where the numerical factor is s= Pk (9)
2VMS



By substitution of the values from Equations (2 a) and (4) we
obtain

b 30 ]/' Md“cosw ‘ (10)
2an0, ¥ plk,feond

3._ The Equation for the Damped Oscillation

We will assume that the pole wheel has been deflected back-
wards from the equllibrium position corresponding to the nominal
load. This 1s done by a sudden pulse. It is assumed that
synchronous conditions prevail for this position. This means
that -A_ 1s the amplitude of the backwards deflection at the’
time t = 0 which means that the solution of the differentlal
Equation (1) 1s given by

Il

t

— -

T
ed
xr=—24A4e coswegt,

where the angular veloecity w, can be expressed in terms of the

Eigen osclllation period T_4 as follows: .%;:;ﬂ ; therefore we
- ed

have

¢
— oy —

T=—Age TedcostT—t;' (11)

As is known, this equation corresponds to a damped harmonic
oscillation, the amplitude of which decreases according to the
well known e function, (for example this occurs in the cooling
of a heated body).

We find the following for the exponent factor y (in the
relationship e * , 1t 1s the ratio of two subsequent oscillatlon
amplitudes in the same direction).

o Dk Tcd
V=95 (12)



By dividing (12) by (9) and substitution of (5), we find
¥ s Ted

that 1s

v=2n6(%¥)- (13)

This means that Equation (11) becomes

kS (14)

r= —Age 'cann,T“.

If the "time constant” T is introduced in order to represent the
decay, according to the logarithmic curve, we find

r=—dye cosZx

-3~

t (15)
Trd !

and from (14) and (15) we find the time constant for decay as
follows

7w Te_ ' (16)

In order to evaluate the highest transient overload,
it is necessary to determine the largest forward deflection
(angle). It occurs during the first forward oscillation,
that 1s at the time fz_%i where fwf<?i‘;chguﬁl . This means

that 1t amounts to

I Ted
Ar=A,e Te . (17)
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In addition, in order to evaluate the deviation of the
machine from synchronous conditions during the oscillations,
1t is necessary to know the largest possible slip. This occurs
at the time of first transition through the equillbrium position,

Ted ¢

that is for x = 0 at t = > that 1s WWEJ?hfzﬂ . This means

that the maximum oscillation wvelocity becomes

EIRS

- ‘dz 2a - . t
‘-.‘_(tlt):———o—_f‘::ﬁoe Sln23r¢‘=
T(d B
_ 2= T
TNE Aoe )

3y . .
We now introduce the following a, = ;‘ which is the largest

angular deflection during the oscillation of the pole wheel

in arc units. This corresponds to the linear deflection
o,
Ag=ﬂ,mRﬁ‘p—R, (18)

where (illegible) is the largest angular deflection referred
to the two pole machine at the beginning of the oseillation
(t = 0). This means that by substituting the value t = Ted/ﬂ

we find
Ted

2n ﬁcm
By o= —Re
m Tea p

We divide this by the synchronous velocity i=§%§3 and find the
desired maximum slip

60 P, T AT

prn Ty €

ﬂ._

or when ﬁ: =¢ (frequency):

- (19)
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For small angular deflections of the oscillation, we can
assume that this 1s proportional to the torque change, that is,

D My —May My

7] . Mg, -M,;;_l’. (20)

where My - Mg 1ls the excess torque for the deflectlon -A,.
n

1

According to the predesign IT of the firm BBC for the
project Kleinhenz-MAN, for a generator with the characteristics

12500 kVA 10000 kW cosp—0,80 5250 V 50 Hz.
500 poles

at n =12 rom 2 p

the moment of inertia of the pole wheel is

GD?= 60000 tm?*; I = 1,58.10° kgms?

and of the propeller wheel 1t is

=420 000 tm?; [ = 10,7 - 10% kgms?

that is the total moment of inertia 1s

480000 tm?; T = 1223 - 10% kgms?,

For "electrical efficiency” of g4,=0% , the mechanical

10-10*
0,90

nominal power level 18 N= = 11,1-10° W and therefore the

nominal torque 1s

My, = 0,973 {V? = 0,90 - 10° kgm.

The short circuit ratio (corresponding to modern practice)
referred to the nominal low excitation and for the conditions

11



shown in Figure 1 is assumed to be kv = 1.6. The lead angle ¢
is 30° and cos ¢ = 0.866.

Using these values, and with Equation (6) we obtain the
following Eigen oscillation period without damping

for the pole wheel alone 7,=:0,304s,
for the pole wheel and the propeller wheel T7T,=1,ts.

We can therefore see the large influence of the propeller
wheel mass. 1In order to determine the Eigen oscillation period
wlth damping, it i1s first necessary to calculate the value of
§. According to the design data, the damping characteristics
are such that the damping torque equals the nominal torque Ma,,
for a slip of o,=5%=005 . Therefore according to Equation
(10) we find

§ = 0.104

(For the pole wheel alone we would find & = 0.294).

Therefore according to Equation (8) we find the following
Eligen oscillation period with damping

for the pole wheel alone Toq = 0.413 s,

1.115 s.

for pole wheel and propeller wheel Ted

According to this, the difference between Teq and T, for the
pole wheel alone amounts to only 4.5%. TFor the pole wheel and
the propeller wheels together, this amounts to less than 1/2%.
This means that it can be ignored (this means that Equation (13)
for the factor y simplifies to y=2a8)

12



According to Equation (16) the time constant 1u=§%?. for

the decay of the oseclllation is as follows:

0,394

0V 92138,
70,204 — M2138

for the pole wheel alone 7=

1,111

for the pole wheel + propeller wheel ngfﬁﬁﬁf

= 1,70 s.

This means that the time constant for the pole wheel alone
is more than the eigen oscillation perliod. For the total mass
with the propeller wheel 1t is larger than T, , that is + 1.53°T,.
The large mass therefore slows down the decay of the osclillation
considerably.

After about four time constants, the e funetion has
practlically decays entirely. This means that the pole wheel
together with the propeller wheel, after having been subjected to
a sudden pulse which would throw 1t out of the equilibrium
position, would have reached the final oscillation conditions

corresponding to equilibrium after about 7 seconds.

If the largest (backwards) deflection produced by the pulse
-Ay, the largest forward deflection according to Equation (17),
which is decisive for the transitory lcoad, becomes the following

if we consider the fact that 7Tu=T. ,

- 0,327

Ap=Age " = Age = 072 A,

IT. Influence of the Propeller Wheel Characteristic of the
Development of the Translent Osecillation Process

13



The characteristic shown (Figure 2) gives the variation
of the torque delivered by the propeller wheel as a function
of its rotation rate, assuming constant angular rate v. It 1is
appropriate to use the ratioc of the rotation rate n/n, with
respect fto the nominal rotation rate of the generater, and not the
rotation rate itself as the abscissa value. We use the ratilo /36
of the torque to the nominal ftorgue Mdn for the nominal output
level of the generator Md/Mdn, for the ordinate. The curve is
then not restricted to any special case, but can be applled for
the general case. When the wheel 1s unloaded, the rotation rate
increases. For complete unloading, 1t would take on the value
corresponding to Point A, the "racing rotation rate”. In
practical applications, it is assumed that thls point corresponds
to about 1.85 times the nominal rotation rate. Of course this is
not a fixed value. Instead it depends on which point of the
characteristic the "nominal load" is located (Point B). For
our discussion and based on characteristics published in the open
literature, we can assume that the variation corresponds to a
straight line with a sufficient degree of accuracy. Even if
the true characteristic deviates from the straight line for
real loadings, this does not make any difference for our case
because in this range the generator is not loaded. For our in-
vestigations, only the inclination of the characteristic at the
load point is important as we will show below.

When the rotation rate decreases, the propeller wheel torgue
increases further. It follows from the flow conditions that at
a certain rotation rate a maximum value occurs (Point K). After
this point, the torque decreases again with decreasing rotation
rate. The propeller wheel therefore behaves like an asynchronous

14



three phase motor, which also

ST iParawg;é‘for_} .
‘f§ff: w4’ ?7J2§2ﬁ5i£§%§hi; first ?as a torque which is
Noﬁfnai P A ka—u/V T approximately proportional to
AT AN IN L .
'ﬁmomentWJ%//j ib& \ChéféCéefistics the slip. At a certain value
2 ' ----- ! gE;——~j of the-}+H of the slip, a maximum value
Q T e 8 NG TN . .
i+ ;I' ~£§:§ 5\\lpr$§:;%or (tipping moment) is reached,
3 MlJA . /L“ﬁ;ﬁfi \QC—EL; - after which 1t decreases again. -
— ] ; . 3
Ho L (%;}g Sl If the propeller wheel were to drive
Chdrqpte?istic;Fj 7N a machine, the torque of which is
“th L AN
of a?{mla} & N7 s FTI 4i£%Mh Independent of the rotation rate,
SyﬂChil"OI'_l_Ol:lS Rotation rate: ‘ th £t Point K it 1d "b k
generator en a oln 1T wou rea

away" and would stand still.
Figure 2. Operational
characteristics. Deter-
mination of the stable load Before we investigate the

states behavior of the propeller wheel
when it is driving a synchronous
generator, we must first answer the question of how the
characteristic of fthe propeller wheel changes when the angular

velocelty 1s changed.

In aerodynamiecs an additional variable, the so-called
"piteh™ = u/v, is introduced where u is the circumferential
velocity of the propeller wheel and v is the wind velocity.

Since for each characteristic v = const., but u changes with n,
the pitch ratlo has a different value for each point of the
characteristic. As a rule, the normal working point along the
characteristic is selected (the so-called "design power").

In this way, the evaluation factor for wind exploitation becomes
as large as possible. This point is to the right of the breakaway
Point K, let us assume that it is at Point B. A certain value

of the pltch ratio u/v corresponds to it. When the wind velocity

v is changed, for example from Vo to vy = 1.10 Vs then for the
same pitch, that is for the same flow conditions, u and therefore
also the rotation rate n would change proportionately, that is

15



1 < 1.10 n - The torque, on the other hand, increases as the
7

M s 2
square of wveloclity, that 1s jﬁE==(;-)=(Jﬁ) . With these assump-

n
n n,

tions, the working Point B is displaced to the Point Bl’ acecord-
ing to the parabola law, which is then a point of the new
characteristic for vy = l.lO'vn. Also, the breakaway Point K
moves along a parabola to K
Mg
ratio of 1.10, that is from 1.85 to 2.035 to the Point Al. In this
way, one obtains the new characteristic which is displaced up-

1+ The intersection Point A for
= 0 is displaced linearly along the abscissa axls at a

wards and to the right with respect to the old one.

The parabola law mentioned (which is also applied to
ventilators and rotary pumps) is well known and has been
accepted in a sense that a change in the wind velocity does not always
always bring about a corresponding change in the rotaticn rate.
It was this erroneous ildea, as mentioned in the 1Introduction,
which led persons to believe that it would be impossible for
a wind propeller to drive a synchronous generator, because it
could not satisfy fthe condition for maintaining constant fre-
quency, that is a constant rotation rate for all loads. This
idea contradicts the parabola law mentioned above. However, this
is a false conclusion. This false conclusion conslsts of the
f'aet that the parabola law only applies under certain conditions:
this is the condition for unchanged flow condificns, that is
constant pitch ratio u/v. This is not an external condition
placed on the propeller wheel. Otherwise, the "characteristic"
of the propeller wheel could not exist at all. As mentioned
above, each point corresponds to a different pltch ratio.

When a synchronousg generator is driven, we must always have

equilibrium between the torques of the propeller wheel and the
torque of the generator.

16



The load Point Bl derived from the Point B which
corresponds to the new characteristic is not a stable load point.
This is because an increase rotation rate corresponds to it. The
synchronous generator has a constant rotation rate n = n. i.e.,
its characteristic 1s a straight line parallel to the ordinate
axis at the point n/nrl = 1, (see curve in Figure 2). A stable
equilibrium only occurs at the intersection point of the two
characteristics, that is for the wind veloclty v = Vi at the
Point B, for vy = 1.10 Vo at the Point C. The diagram shows
that for the assumed conditions, when there is a 10% increase in
the wind velocity, there is an increase in the load moment by a
factor of 1.34, which is considerably greater than would
correspond to 1.21 according to the square law. The increase
is somewhat larger than the third power of the wind #elocity.
However, this is not a value which is fixed. Instead it depends
on the inclination of the characteristic, or on the points on
the characteristics selected for the nominal power output. For
example, 1f a synchronous rotation rate were to be selected in’
such a way that the nominal load point would coinecide with the
breakaway Point K of the propeller wheel, then the load point of
K (with a relative value of 1.21) would be displaced to the
polnt vertically above it along the second characteristic (having

the relative value of 1.43). Then the load of the generator
1,43

Im:zgm larger than before. This

would be increased to a value

would be an inerease which would be less than would correspond

to the square of the wind velocity ratio.

These results are extremely important because they form
the basis for discussing the gquestion of by how much the
generator is overloaded when the wind velocity is increased.



It also answers the question of what measures must be taken to
prevent acceptable overloads, which will be discussed 1n more de-
tail in Section IIT,.

There is an ilncrease in the lead angle of the pole wheel
which corresponds to the new equilibrium point C and the new
generator load moment. How does the device adjust to the new
load state?

3._ The Transient QOscillation Process

For simplicity, we will first discuss the most unfavorable
case (which never occurs in reality), in which the angular of ‘ve-
locitjfﬁl(corresponding to Point B) suddenly changes to v, (in
the representatlion we assume vy = 1.10 vn). In this case, the
propeller wheel delivers a (1llegible) torque@MhiiMﬁanofEégz
ponding to the distance BC above the previous load moment Mg, of

the generator.

It is appropriate to consider the transient oscillation /366
process not beglnning with the equilibrium position which had
prevailed, but to start with a new equilibrium position, around
which the transient oscillation process varies. Accordingly,
the pole wheel at the beginning of the process has a negative
oscillation amplitude (lag). Therefore we are not discussing the
case desceribed above in which the pole wheel was given a position
by a pulse (which would have a braking effect here). Since the
wheel is running at the synchronous velocity, the amplitude
represents the first oscillation in the backwards direction. This

means that x = —AO for t = 0.

Because of the influence of the excess moment of the pro-
peller wheel Mgy - Mdn = distance BC in Figure 2, the pole

18



wheel 1s accelerated. This acceleratlicen 1s opposed by the
d<r
d¢®

force of inertla —M of the total mass, like before

[first term in Figure (1)].

The excess tbrque mentioned above is the "control force"
(illegible) which has a positive effect because of the negative
deflection x, as observed from the new equilibrium position.

It decreases when the wheel leads [third term in Figure (1)].

Also the "damplng force" of the pole wheel (illegible)
occurs, according to the second term in Equation (1), just 1like
was the case when the pulse produced the eigen oscillation.

It is proportional to the oscillation veloclity, that is the
"slip". It has a negative or braking effect because of the

oversynchronous conditions produced by the acceleration.

In addition to these three forceg due to the synchronous
generator, there is also a fourth force which occurs in the case
of a wind propeller drive, which is the result of the propeller
wheel characteristic. The torque of the propeller wheel Mdl
which oeceurs for synchronous conditions at Point € does not
stay constant when synchronous conditions no longer exist. For
oversynchronous conditions, it drops off and for undersynchronous
conditions, it increases. Assuming that the characteristic 1s
linear, the change in the torque is always proportional to the
slip, and shows exactly the same behavior as the damping force
of the pole wheel Ihg% . The drop in the torque for oversynchro-

nous slip has a braking effect, Just like the damping force of
the pole wheel.

This means that the decreasing characteristic of the pro-
peller wheel intensifies the damping of the pole wheel. This
shortens the time required to assume the new equllibrium state.

13



In the following we will give a numerical example of this.

First we will lnvestigate the conditions when the new load
Point ¢ lies not to the right of the breakaway Point Kl but
either coincides with it or is to the left of it.

When C colncides with Kl the propeller wheel torque 1s
independent of the rotation rate change for the range of
osclllations. This means that there is no increase in the
damping by the propeller wheel. The oscillation is a pure eigen
oseillation of the generator, according to Equations (15) and (16).
On the other hand, when the new load Point C is to the left of

the breakaway Polnt K then the propeller wheel moment increases

P
with inecreasing rotation rate {(that is oversynchronous conditions).
This increase results in an attenuation of the damping and there-
fore, a prolongation of the required transient period, and does
not result in an increase as before. By means of a numerical
example we will show what happens quantitatively. In particular
we will investigate whether the eigen damping of the pole wheel
is completely cancelled or if the oscillation can even be built

up by this effect, with a subsequent danger of fallure.

In the differential equation for the damped oscillation

(1), the second term, which represents the damping term —J@%%
) {!

changes by an amount which can be determined using Figure 3.

The Points Al, B and C correspond to the same points in Figure 2.
The torque corresponding to Point B is the nominal moment

Mg, corresponding to the initial load. Point C is the new
equllibrium state with the torgue Mdl' It should be noted that
if the driving moment of the propeller wheel is assumed to be
positive, the opposing load moment of the generator Mdn should be

20



negative and therefore be drawn
below the line., In order to deter-
mine the equilibrium state we must
only compare the two moments; we
also show the opposing moments

from the generator above the

line,

LY — A, The oblique line passing
through the Point B represents

Figure 3. Influence of the the relationship between the
propell r wheel character-

istic on the damping. damping moments Dm qf the pcle

wheel and i1ts slip o. For the
value of o assumed in the diagram, which corresponds to over-
synchronous conditions, the moment Dm is represented by the
segment EF, and is negative because 1f acts in the same direction
as Mdn' By extending the line BF in the backwards direction,
we find the intersection Point D and the slip op at which the
damping moment is exactly equal to the nominal moment Mdn- (We
should note that for clarity, the value ofrdn has been exaggerated).

For oversynchronous slip conditions o, the propeller wheel
moment is legs than the value Mdl by an amount GH. This amount
Dp is also proportional to the slip ¢ if 1t is assumed that the
propeller wheel characteristic is linear. It can be expressed
using the ratio s of the runaway rotation rate of the propeller

wheel (Point Al) and the synchronous rotatlion rate, as follows
Dy = M, (20)

This moment opposes the drive moment, just like the damping
moment Dm'
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According to Equation (2) the following value was substituted
into the differential Equation (1)

Instead of Dm we must use the sum DIn + DF‘ Considering the

propeller wheel characteristic

3¢ D D
Dy = m ")
k nnﬁ’( o + o

and using Equations (3) and (20), instead of Equation (2a), we find

the relationship

My M
Dk:: 30 (‘ n +_i'_}

xaR'Y\ o, '

or
_ %0 [ May My o, (21
e e (o Yo e 2 )
If we now set the sudden overload in the torque tc be the
following

W o

L

then the amplification factor of the dampling 1n the first square

bracket becomes

E=14(1 4o,
HA (22)

This means that the eigen oscillation period Ted changes
and the factor § required for the exponent y of the decay
curve also changes which earlier would have to be multiplied by
£ according to Equation (10}. If we retain the earlier value
of 8, then instead of Equation (8) we would have to set the

following for the eigen oscillation period:
T,

VI & o (23)

Tea =
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and | instead of Equation (13) we would find the following for the

exponent y

yeznsak%?). | (21)

In the oscillation Equation (15), the value of the time constant
according to Equation (16) changes as follows

- (25)
The discussions up to the present applies when 1t 1is assumed
that the new low Point C lies along the right branch of the
propeller wheel characteristic. Now if C 1s already along the
curved part of the characteristic, then instead of the variation
of the characteristic we must use the inclination at the Foint
C for relatively small velocity changes. In this case, it 1s
only necessary to draw the tangent to the characteristic at the
Point C and then to introduce its segment along the abscissa axis
as 7 in Equations (21) and (22), respectively. r, increases the
further the point moves upwards. This also decreases the
correction termed for the damping.
If C colncides with the breakaway Point Kl, then r=~ and
therefore ¢=1 , 1.e. in this case the damplng due to the pole
wheel remains unchanged 1n this case.

On the other hand, if C is to the less of Kl’ then the
tangent no longer slopes downwards but slopes upward. Then =
becomes negative and therefore the amplificatlion factor bhecomes

§<1, 1.e., the damping is reduced.

In this connection, the left branch of the characteristic

in the present case does not have to be considered to be
neutral, for the case of driving by a synchronous generator.
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Instead, stable egulilibrium results because the differentilal
gquotlent of the generator characteristic is greater than for the
propeller wheel characteristics. The Point K therefore no longer
has the meaning of a "breakaway point". (Conclusion to follow.)
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